When determining the effects of light on human beings, it is essential to correctly measure the effects, and to correctly measure the adequate properties of light. Therefore, it is important to know what is being measured and know the quality of the measurement devices. This paper describes simple methods for identifying three quality indices; the directional response index, the linearity index and the temperature index. These indices are also checked for several commonly used portable light measurement devices. The results stresses what was already assumed, the quality and the outcome of these devices under different circumstances were very different. Also, the location were these devices are normally worn has an impact on the results. The deviation range between worn vertically at eye level and the wrist is between 11% (outdoor) to 27% (indoor). The smallest deviation, both in indoor and outdoor, was found when the device was placed on the sides of the eye (7%).
Introduction
Since the discovery of a novel retinal non-image forming (NIF) photoreceptor [1, 2] , it has been established that eye-mediated light has not only a visual function but also an image-forming function. Light also influences the mental state (ie. [3e5]) alertness (i.e. [6, 7] , and behaviour/quality of life (i.e. [8e10], via stimulation of the photoreceptors; rods and cones, and the non-image forming receptors (intrinsically photosensitive retinal ganglion cells (ipRGCs)) [11] . Light entering the eyes and activating photo sensitive cells follows the pathway to the Suprachiasmatic Nucleus (SCN). The SCN is the primary oscillator of the Circadian Time Structure (CTS) and is responsible for individual hormone regulation [12] . Light entering the eye during the night can suppress the production of the hormone melatonin [13, 14] , as an example of how light exposure can influence the sleep-wake rhythm. However, the ipRGCs are not equally sensitive to all wavelengths. The ipRGCs comprise only a small fraction of the total ganglion cell population and the differences between the photopic and the circadian spectral sensitivities may cause inaccuracies in the measures of light exposure. Khademagha et al. [15] provided a graph which shows the different action spectra between the visual (photopic) spectral sensitivity and the considered action spectrum for melatonin suppression based on the results of different papers. Although not one best fit for an action spectrum could be defined, clear is that the curve is shifted towards the shorter wavelength (see Fig. 1 ).
Personally worn photosensitive dosimeters are generally used to establish the relationship between light and a photo biological effect. Since the characteristics of the eye-mediated light exposure largely determine the effect, the quality of measurement devices, is of high importance to achieve an accurate quantification of the light exposure in relation to the targeted effect of a study. A methodological approach needs to be defined for dosimetry device measuring the effective exposure with respect to the non-image forming effects of optical radiation.
Different photosensitive dosimeters have become commercially available, but what exactly is being measured, including accuracy is not always clear. The main variances between the personally worn dosimeters are:
1 The position the device is worn on the body. Relevant photosensitive cells are located in the retina indicating that the eye position would be preferred. Many dosimeters are worn as wrist device, combining actigraphy and light exposure. These devices are worn on the non-dominant wrist, recommended for gaining the most reliable actigraphy data but less accurate when referring to the light exposure entering the eye. In a study on the influence of annoyance to different personally worn light measurement devices, it was concluded that, prior to an effect study, individual annoyance and obtrusiveness of the devices might impact the results and should be assessed as well [16] . 2 The type of light sensitive cells. Originally, light was solely studied for vision-related effects. That is why the great majority of studies on NIF-effects between 1980 and 2000 used photopic light quantified stimuli. Current insights point out that photo biological effects of light are influenced by the spectral distribution, irradiance level, geometric conditions of exposure and their intermediate changes, as well as by the time and duration of exposure [17] . Hence, photometric quantities, like illuminance (E) or correlated colour temperature (CCT) are related to vision, and therefore not appropriate for describing non-image forming effects [11] . Therefore the latest dosimeters tend to be equipped with sensors matching other spectral responsivity curves like the erythropic, chloropic, rhodopic, melanopic, and cyanopic [18] . 3 Data logging. Since the dose of the exposure is relevant, the device should be able to log data. Most devices are equipped with such feature where by changing the log frequency the measurement period can be altered from hours to several days. 4 Cost. The costs for perusing a personally worn dosimeter can be from less than V 20 to more than V2000. The different components necessary to make such wearable device are not that expensive allowing for 'self-made' devices. The more expensive devices are equipped with different light sensors and dedicated software is developed to analyse the data.
The impact of light on human life is established but the radiation characteristics which induces a particular effect remain less conclusive, as stated in the Technical Note 003:2015 by the CIE [18] "Measurements of timing and the biological factors of primary interest to circadian neuroendocrine and neurobehavioural-related photobiology researchers are typically accurate and chosen to describe the quantities of direct interest. By contrast, light stimuli have often been less well described by researchers." A clarification for this is that firstly, the descriptions of methodologies contained many differences which make a comparison between results almost impossible [19] . The specific lighting condition needs to be described in great detail to establish the connection between light(ing) characteristics and the non-image-forming effects [20] . Secondly, the type of portable devices used to measure the light exposure were not identical and measured different quantities to express the exposure.
Moreover, the recent technical note from the international commission on illumination (CIE) [21] states the challenge of defining and using correct terminology and quantities for different health-related effects. In their communication, among others, the CIE identifies the need for extra research for instrumentation calibration and development of field measurement methods.
Acknowledging the importance of using the correct quantities does not mean that other measurement inaccuracies are to be neglected. Since many devices are worn on the wrist it is questionable how well these values measured correlate to the eye position. Therefore, light measurements were carried out for different positions on the body to find the most accurate position and to establish the deviation.
Next to indicating the most accurate measurement position on the body, the performance of different dosimeters, as currently used in effect studies, is determined. This is determined according to the standard [22] and is expressed in classes [23] . Unawareness of these inaccuracies might result in relating certain effects to an incorrect light exposure. In this paper, a practical measurement method of the three most basic, so-called quality indices are described: the directional response index (f 2 ), the linearity index (f 3 ), and the temperature index (f6,T). The results of the measurements are analysed, the classes calculated and discussed for the included devices.
Methodology
The methodology covers the applied method for determination of the accuracy of different positions on the body of a worn device and the methods for determining the f 2 , f 3 , and f 6,T index of different portable devices.
Measurement set up location on the body
Four identical light sensors (Osram Ambient Light Sensor type SFH5711 for specifications, see Table 1 ) at four different locations on the body (see Fig. 2 ) were worn simultaneously by one person to determine the influence of the location of the dosimeter. These light sensors are attached to placebo objects to simulate the actual portable devices.
Location 1, where the sensor is placed between the eyes, is set as the reference measurement because this comes closest to the actual exposure on the eyes. The relationship between the eye exposure and the actual stimulus of the photosensitive receptors in the retina may even be more relevant but is outside the focus of this study.
All four light cells are connected to a data logger which is worn in a small bag around the waist. The test conditions consisted of different basic activities (walking, sitting, and standing) and took place for 30 min indoor and 30 min outdoor. This study was conducted in the Netherlands on March 14th, 2016. At that moment, the external temperature was approximately 10 C and during the experiment there was a clear sky condition.
2.2. Measurement set up calibration f 2 , f 3 , and f 6,T index For the study, seven different types of portable light measurement devices are investigated (Fig. 3) .
Only one device of each type was tested. In the study by Markvart et al. [24] , the discrepancy between different devices of the same type was found to be up to 60%. Therefore, the classification indices of the different devices were calculated, but the name and brand of the device are not revealed. The aim of this study was to demonstrate measurement discrepancies, not to show that a device of a specific brand performs better or worse than others or to indicate the difference between similar devices. All of the seven devices where equipped with a light sensor matching the photopic response curve V(l). Three of the devices had additional light sensors, matching other spectral responsivity curves. In this study, only the data of the photopic response curves are measured and analysed.
A calibrated illuminance meter (Hagner cell E4X, calibrated 2015) was used as the reference meter. Under controlled laboratory conditions the quality indices f 2 (directional response index), f 3 (linearity index), and f 6,T (temperature index) for each portable device were determined.
The joint ISO/CIE International Standard [22] defines 12 quality indices for photometers. The directional response index, the linearity and the temperature index are three basic indices that can impact the results of the measurement to a large extent and are therefore described and assessed. The quality of each index is expressed in classes according to DIN [23] (see Table 2 ). However, when a dosimeter does not meet the criteria of any of the four classes, we classified it as D.
Directional response index (f 2 )
The directional response index f 2 e also called the cosine match e describes the influence of the angle of light incidence within the measuring field of a luminance meter. It is determined by comparing the signal value R (ε,f) for a given incident direction, described by the angles ε and f, with the reference signal value R(0,f). The angle ε is the angle of incidence into the light sensor and the angle f is the rotation of the light sensor around the vertical axis. The f 2 index for (planar) illuminance meters is calculated using formula [22] : f 2 ðε; 4Þ ¼ R ðε; 4Þ R ð0; 4Þ*cosðεÞ À 1 The measurement value should change according to cos (ε).
Theoretically, the azimuth angle f can also influence the results. For a given orientation (4Þ, the f 2 index becomes:
The ideal cosine response should be a perfect cosine function. This quality index was determined for all the portable devices by measuring the influence of the angle of incidence on the output signal of the light sensors.
The f 2 index of the different devices was determined by using a constant full spectrum light source. The light source is attached to a robot arm such that the different angles of incidence can easily be achieved. The index was calculated based on steps of 10 . A large Fresnel lens is used to create a parallel beam from a halogen projection lamp (Philips, type 6958, EVC/FGXM33, 24 V 250 W). The set-up was programmed to provide different angles of incidence on the light sensor, see Fig. 4 . In this measurement set up, the light source moved from 0 (top) to 90 (perpendicular to the light sensor).
2.2.1.1. Measurements. In this experiment, the azimuth angle was fixed and the elevation angle altered. The azimuth angle corresponds to the location on earth and in end use of a portable light measuring device this azimuth angle would not show large differences in output values. During the measurements, the temperature, relative humidity, and the light source output were constant monitored to check its stability.
All used devices had slightly different dimensions resulting in alternation positions of the top of the light sensor. The devices were positioned in such a way that the top of the actual light sensor was at equal height. Since one device stopped measuring when it was off the wrist, it was placed around a tube like a watch on a human wrist.
Linearity index (f 3 )
The f 3 index describes how well a photometer responds to changes in the light source output value. The measured quantity must follow the change of the signal output from the device proportionally. The f 3 index is calculated using the following formula [22] :
Where;
Y ¼ the output signal due to illumination of the photometer with input quantity X; X max ¼ the input value corresponding to the maximum output signal Y max .
Furthermore, the maximum f 3 index must be taken for each measurement range:
To be able to measure the full range of the devices, the linearity index was determined using two different setups; one without tubes and one with tubes. A large Lambertian-like luminous source was used. Important is that other f-indices do not impact the results of this index/index. That is why dimming an incandescent or halogen lamp is not an option. It affects both the luminous flux, as well as the spectral composition. When dimming, the light will shift from shorter wavelength to the longer wavelength, impacting the V(l) response. A dimmable Lambertian type of light source is only an option when the devices demonstrate a good cosine match. The linearity of all devices are included in the linearity index. Diffuse Sky Simulator uses a diffuse ceiling and mirrors to achieve this specific diffuse light distribution. The interior walls are covered with mirrors starting from the top to measurement level. The resulting luminance distribution is rotational symmetric with a three times higher luminance at zenith than of the horizon. During the measurements with and without the additional tubes, ten settings were used on the voltage dimmer to change the illuminance output of the light sources and to determine the linearity index of the devices. Set-up 1, with tubes. To ensure only light from a small angle (top) could reach the light sensitive area, measurements were performed by placing a black tube (internal diameter 41.6 mm, height 65.3 mm) over the portable device (see Fig. 6 ). The illuminance in this setup ranged from 0 to approximately 2100 lx.
Set-up 2, without tubes. The maximum value of illuminance from set-up 1 does not suffice for outdoor measurements. For realizing a higher illuminance, the setup was changed by excluding the black tubes. With this measurement setup it is possible to reach horizontal illuminance of 12,500 lx on the light sensor. 
Temperature index (f 6,T )
The temperature index refers to the influence of the ambient temperature on the performance of the photosensitive meter. The temperature can influence the absolute measurements as well as the relative response of the photometer, both impacting the measurement results.
The f 6,T index is quantified for an ambient temperature T by comparing the output value Y(T) at the specified temperature to the output value at the reference value Y(T 0 ) at the temperature T 0 ¼ 25 C [22] :
The index f 6,T for temperature dependence for each device is given by:
Where the following values are used: T2 ¼ 40 C; T1 ¼ 5 C;
The temperature index f 6,T is calculated by using a controllable climate box with temperature settings between À10 C and 30 C. The portable devices are placed inside a climate box/chamber (Weiss Umwelttechnik GmbH, Simulationsanlagen e Messtechnik, Type: SB22/160/40 270118/1/0001(1996)) and the light source is placed outside the climate box.
The climate box is positioned in a large open laboratory space. The light source (Philips Halogen, 800 W) was stabilized and placed outside the box to avoid temperature influence on the output from the light source. The light entered the climate box via a small window, see Fig. 7 .
2.2.3.1. Measurements. The temperature in the climate box during the measurements ranged between À10 C and 30 C. Those temperatures are realistic for the light sensors during field measurements in mediate climates. To gradually change the temperature, smaller steps of 5 C were chosen even though the steps of 10 C were sufficient. Each temperature setting lasted approximately 45 min and the complete procedure for each device took around 8 h. During the measurements, the luminous flux of the light source and the angle of incidence were kept constant to avoid potential irregularities due to a bad performing f 2 and f 3 index.
Data analyses
All the measurements were analysed in the software program MATLAB (R2015a).
The results of the sensor position measurements were all related to the reference position (between both eyes) and deviations between the reference location and the other locations were calculated.
The results are given in the median deviation expressed in percentage.
In contrast to quick response of vision-related measurements, NIF-effects are known for a dose-response effect [18] . Therefore, the total luminous exposure for each device was calculated and compared to the reference for the given time.
The data regarding the three quality indices were analysed in multiple ways. The illuminances (direct output from device), the relative illuminances, the index per range step (per angle, reference illuminance or temperature) and the final index were calculated for each quality index as described in Ref. [22] .
Results

Sensor location/position on the body
The illuminance (Fig. 8 ) and the luminous exposure were measured on three different locations on the body, under indoor and outdoor conditions. Median deviations were calculated from the wrist, chest, and the side of a pair of glasses to the reference location (between the eyes).
Considering both the indoor and outdoor data, the inaccuracy of measuring at the wrist was 11e27%, at the chest location 6e17%, and on the side of the glasses 6e8% (Table 3) .
Since for NIF, the duration in relation to the intensity is relevant, the luminous exposure provides an indication for these differences. Fig. 9 shows the total luminous exposures separately for the indoor and outdoor conditions. The deviations between the luminous exposures measured at the different locations related to the reference location are provided in Table 4 . Fig. 7 . Schematic and photo of the measurement setup to determine the f 6,T index.
Results for directional response index (f 2 )
The Directional Response Index was measured and determined. For each portable device the relative illuminance (illuminance divided by illuminance at an incidence angle of 0 ) were plotted for various incident angles (Fig. 10 ). The ideal curve should follow the cosine function.
With the available illuminance values per device, it was possible to calculate the f 2 index per angle of incidence and later, by using equation (2) , the final f 2 indices. Table 5 shows the calculated f 2 indices and their corresponding classes for each device.
Results for linearity index (f 3 )
For identifying the f 3 index, two set-ups where used:
1. DL room with tubes; 2. DL room without tubes. indicates the fit between the data points and the linear trend line.
To determine the amount of light which falls on the device under an incident angle other than 0 , the difference in illuminances between the measurement setup with and without tubes was calculated. For this amount of light, the cosine index should be considered. For the measurement setup including the tubes, the maximum angles of incidence are calculated (Fig. 6 in method section) and the corresponding cosine index was checked for these angles.
Equations (3) and (4) were used to calculate the f 3 index. Fig. 12 shows the f 3 indices for the two settings in the DL room for each referent illuminance level, as explained in the methods section. The final f 3 index value is the maximum f 3 index for each device per measurement setup. Fig. 11 shows the f 3 index values for each device per measurement setup. Table 6 provides the summary of the f 3 indexes and the corresponding classes per setting for each device.
Results for temperature index (f 6,T )
The temperature index was determined from the output illuminances of the devices in a temperature changing environment. The illuminances were measured for temperatures ranging from À10 C and 30 C. The f 6,T indices are also calculated for each temperature step between the given temperature range (see Fig. 13 ).
The f 6,T index was additionally calculated according to equation (6) for each temperature step between the given temperature range (Table 7) .
Subsequently, the f 6,T indices were calculated for a smaller temperature range: 15 Ce30 C. Formula 6 was applied. The higher temperatures correspond to realistic indoor temperatures and might be representative for specific target groups like elderly people living in closed care facility wards or hospital patients who spent most of their time indoors.
Overview of results
The overview of results for the location on the body is given in Tables 3 and 4  Table 8 provides an overview of the seven analysed devices per quality index and includes the classification results according to DIN [23] .
Discussion
Measurements regarding NIF-effects require accurate determination of, for example, the amount of light or the direction of light incidence. By making use of commercially available devices, whose performance and accuracy is unknown, and of which the position deviates strongly from the eye position, there is a risk that the results diverge from realistic values.
Location on the body
The device position measurements show that particularly wrist worn devices should be used with great care since the results show a large inaccuracy of 27% (Table 3 ). The best position from the accuracy perspective would be on the side of the head. However, head-based devices may cause user discomfort and annoyance [16] and may lead to situations where people refuse to wear the device; therefore the best position would be on the chest. The viewing direction of a chest-based device is largely comparable to the eye direction.
Practical application for testing the usability of NIF-effect devices
The different described methods for calibrating the devices are intended to be simple and practical for indicating incorrect measurements, and do not replace calibrations performed by certified measurement institutes.
As for the described method investigating the f 2 index, the following preparations should be taken before measuring:
1. Ensure a completely uniform illuminance distribution on the measurement surface caused by the test light source; 2. Check whether the centre of the light source has its focus exactly at the same point on the table at varying angles of incidence; 3. Check the aimed angles between the source and the sensor; 4. Ensure that the distances between the light source and the light sensor remain constant for the different angles.
Four out of the seven devices performed were classified as D, meaning a poor performance for the f 2 index. The question for NIFeffects is whether it is necessary to measure the light originating from half a sphere. When relating this to the eye and the position of all different photosensitive cells in the retina one might suggest that only within a standard viewing angle of 2 or 10 should be measured since that is the projection angle where the macula is and therefore the highest concentration of cones. When the ipRGCs are considered, the lower part of the retina seemed to have a higher photoreceptor density. Since no exact location or viewing angle is known yet, the f 2 index as described in this paper should be applied for now. For the f 3 index, different methods were used to cover the complete range of possible illuminances when measuring both indoors and outdoors. The method with a Lambertian radiator, using tubes is recommended. Only when the cosine index (f 2 ) of the devices is within Class A, the tubes can be discarded.
Using a Lambertian radiator providing a spherical diffuse light distribution, the following aspects should be checked:
1. Check the f 2 -index first whether to use tubes or not; 2. Assure the quality and clarity of the mirrors; 3. Ensure that no other light sources outside the DL Room impact the measurements; 4. Record the maximum angle of light incidence on the devices when measuring with the tubes placed on top.
Most of the devices demonstrate a weak performance for this index resulting in a class C to D. Only one qualifies for class A. The reason might also be related to the fact that when the f 2 index is weak, the tubes remain necessary for a correct measurement. As a consequence of the tubes, the high, to daylight related values are not feasible anymore.
For determining the f 6,T index, the following preparations should be taken:
1. Check the stability of the light source multiple times during measurements; 2. Consider the accuracy of the temperature regulation inside the climate room.
The f 6,T index is now calculated for a large range of temperatures while in reality the device will be worn on the body. This means that when mainly worn indoors, the temperature is then related to the ambient indoor temperature and in some cases even related to the skin temperature. At an ambient temperature of 23 C, Olesen in his study [25] stated that the skin temperature varies around 30 C. Therefore, when mainly worn indoors, a smaller range, between 20 and 35 C (close to skin temperature), would already be sufficient. According to the measurements, all devices performed up to a class A for the f 6,T index.
Based on the results from this study, large differences in measured values, additional points are discussed. In the practical The final f 2 index values were calculated as the integral from the best fit trend line of the data points. Table 8 Technical measurement results e corresponding class limits [23] .
measurements: The f 6,T index for one device was not calculated due to saturation. In addition to this, the overview compared only seven portable devices. In the future there will be more and probably more sophisticated devices which should be investigated as well.
Finally, three quality indices were determined for each portable device. These already demonstrated the potential inaccuracy of the devices. Although this went without mentioning; knowing what the output values given by the devices really mean is crucial; too often it is assumed that the values indicated by the devices are correct while this paper demonstrates that that definitely is almost never the case.
Conclusions and recommendations
This paper describes simple methods for identifying three quality indices; the directional response index, the linearity index and the temperature index. These indices are also checked for several commonly used portable light measurement devices. The results show that the quality and the outcome of these devices under different circumstances are very diverse. Also, the location were these devices are normally worn has an impact on the results. The deviation range between worn vertically at eye level and the wrist is between 11% (outdoor) to 27% (indoor). The smallest deviation, both in indoor and outdoor, was found when the device was placed on the sides of the eye (7%).
The suggested methods are kept simple to allow researchers to assess the abilities but also the short-comings of the used devices. It also demonstrates how the science of lighting and the science of human effects need each other in their joined goal to gain knowledge towards the NIF effects.
The overview created in this study displays the differences in qualities between the investigated portable devices. In the last years, many research studies have been performed using different types of light measurement equipment. Conclusions from those previous research studies are taken for granted, from those studies onwards. This study supports the findings of other researchers [24, 26] indicating large quality differences of different portable measurement devices. Conclusions of previously conducted research based on portable measurement devices with questionable performance may need to be re-visited to ensure that the findings are based on good quality data describing the light conditions.
An important other parameter in this area of NIF is the spectral power distribution of light. Four of the analysed devices only measure photometric values. Studies demonstrated that healthrelated effects are not solely influenced by the activation of the ipRGC's. Moreover, the rods and the different types of cones also have health-related effects as they play a role in the process of circadian and neurophysiological photobiology. The technical note [18] therefore suggests to convolve the spectral irradiance in the so called a-opic irradiances for each of the five types of photoreceptors: s-cones, m-cones, l-cones, ipRGC's and rods. This implies that devices either measure the entire spectral bandwidth (between 380 and 780 nm) or measure within the five indicated sensitivities. None of the devices in this study were equipped to measure all five sensitivities. Some were equipped to measure RGB and/or melanopic irradiance.
This leads to the final recommendation to develop a hands-on simple method enabling spectral calibration for the abovementioned sensitivities.
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